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@ Multiangular color measuring apparatus. 

@ A spectrophotometer apparatus (200) is adapted 
to provide spectral reflectance measurements of ob- 
ject, particularly optical characteristics of colored 
surfaces comprising metallic or pearlescent particles. 
The apparatus (200) comprises a source light and a 
reflection optics assembly. Signals representative of 
reflected light are analyzed and data is generated 
representative of the spectral response characteris- 
tics of the object sample. The apparatus employs a 
plurality of fiber optic bundles for receiving light 
reflected from the object sample, with each of the 
fiber optic bundles being positioned at one of a 
corresponding plurality of fixed angles different from 
the angle of illumination by the source light. Reflec- 
tance is measured at each angle by sequential 
switching such that light is impaired from being 
received from all but one of the plurality of multiple 
angles. Light received from the fiber optic bundles is 
transferee to a single array of integral interference- 
filter/photodiode devices which modulate the light 
and determine the spectre characteristics thereof. 
With the use of fiber optic devices, a single source 
of illumination and a single optical detector arrange- 
ment, the spectrophotometer apparatus is employed 
within an optimally small packaging configuration, 
and the apparatus can be maintained in a portable 
mode while maintaining relatively high accuracy and 
repeatability. 
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Field of the Invention. 



The invention relates to apparatus for measur- 
ing color characteristics of object samples compris- 
ing metallic and/or pearlescent particles. 

Description of Related Art. 

Various devices have been developed and are 
widely utilized to measure and quantitatively de- 
scribe color characteristics of object samples. 
Many of these devices provide measurements re- 
lated to the spectral characteristics of the samples. 
Although the present invention is disclosed with 
respect to use in a spectrophotometer, it is worth- 
while, for purposes of background, to describe the 
use of other color measurement devices. In particu- 
lar, for purposes of background description of typi- 
cal types of components employed in many color 
measurement devices, concepts associated with a 
reflectance densitometer are set forth in the follow- 
ing paragraphs- 

In accordance with conventional optical phys- 
ics, its is known that the proportion of light incident 
to an object sample and absorbed by such a 
sample is independent of the light intensity. Ac- 
cordingly, a quantitative indication of the spectral 
characteristics of an object sample can be defined 
as the "transmittance" or "reflectance" of the sam- 
ple. That is, the transmittance of a substantially 
transparent object can be defined as the ratio of 
power transmitted over light power incident to the 
sample. Correspondingly, for an opaque object 
sample, the reflectance can be defined as the ratio 
of power reflected from the object over the incident 
light power. 

For collimated light, these ratios can be ex- 
pressed in terms of intensities, rather than power. 
Furthermore. because of the nature of 
transmittance/reflectance and the optical character- 
istics of the human eye, it is sometimes advanta- 
geous to express these ratios in logarithmic form. 
Accordingly, one parameter widely used in color 
technology fields for obtaining a quantitative mea- 
surement or "figure of merit" is typically character- 
ized as optical "density." The optical density of an 
object sample is typically defined as follows: 

Optical Density = D = -logio T or -logio R 
(Equation 1) 

where T represents transmittance of a transparent 
object and R represents reflectance of an opaque 
object. In accordance with the foregoing, if an 
object sample absorbed 90% of the light incident 
upon the sample, and the object were opaque, the 
reflectance would ideally be 10%. The density of 
such a sample would then be characterized as 



unity. Correspondingly, if 99.9% of the light were 
absorbed, the reflectance would be 0.1% and the 
density would be 3. Similarly, the density of an 
"ideal" object reflecting 100% of the light incident 
5 upon the object would be 0. 

For purposes of measuring optical densities, it 
is well-known to employ a device typically char- 
acterized as a "densitometer." These densitom- 
eters are often categorized as either "reflection" 
70 densitometers, employed for optical density mea- 
surements of opaque objects, or are otherwise 
characterized as "transmittance" densitometers. 
Transmittance densitometers are employed for de- 
termining spectral characteristics of various non- 
75 opaque materials. 

FIG. 1 illustrates a simplified schematic repre- 
sentation of a known reflection densitometer con- 
figuration 100. A configuration of this type is de- 
scribed in detail in the commonly assigned U.S. 
20 Patent No. 5,015.098 issued May 15, 1991. Den- 
sitometer apparatus of the type shown in FIG. 1 are 
characterized as reflection densitometers, and uti- 
lized to provide color density measurements of 
opaque materials as previously described. 
26 Referring specifically to FIG. 1, and to numeri- 

cal references therein, the densitometer apparatus 
100 includes a light source unit 102 having a 
source light 104. With respect to optical density 
measurements in various industrial fields relating to 
30 the optical characteristics of colored surfaces, var- 
ious standards have been developed for densitom- 
eter light source illuminants. For example, den- 
sitometer light source standards have previously 
been described in terms of a tungsten lamp provid- 
35 ing an influx from a lamp operating at a Planckian 
distribution of 3000 * K. Other suggested standards 
have been developed by the American National 
Standards Institute ("ANSI") and the International 
Organization for Standardization ("ISO"). These 
40 source light densitometer standards are typically 
defined in terms of the spectral energy distribution 
of the illuminant. The source light 104 preferably 
conforms to an appropriate standard and can. for 
example, comprise a filament bulb meeting a stan- 
ds dard conventionally known in the industry as 2856K 
ANSI. Power for the source light 104 and other 
elements of the densitometer apparatus 100 can be 
provided by means of conventional rechargeable 
batteries or, alternatively, interconnection to AC 
50 utility power. 

The source light 104 projects light through a 
collimating lens 106 which serves to focus the 
electromagnetic radiation from the source light 104 
into a narrow collimated beam of light rays. Various 
55 types of conventional and well-known collimating 
lenses can be employed. The light rays transmitted 
through the collimating lens 106 project through an 
aperture 108. The dimensions of the aperture 108 
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will determine the size of the irradiated area of the 
object sample under test. 

The light rays emerging from the aperture 108 
(illustrated as rays 110 in FIG. 1) are projected 
onto the irradiated area surface of an object sample 
112 under test. The sample 112 may be any of 
numerous types of colored opaque materials. For 
example, in the printing industry, the sample 112 
may be an ink-on-paper sample comprising a por- 
tion of a color bar at the edge of a color printing 
sheet. Further, with respect to the illustrative em- 
bodiment of a spectrophotometer apparatus em- 
ploying the principles of the invention as described 
in subsequent paragraphs herein, the sample 112 
may be a portion of a painted surface comprising 
metallic or pearlescent particles. 

As the light rays 110 are projected onto the 
object sample 112. electromagnetic radiation 
shown as light rays 114 will be reflected from the 
sample 112. Standard detection configurations 
have been developed, whereby reflected light is 
detected at a specific angle relative to the illumina- 
tion light rays 110 projected normal to the plane of 
the object sample 112. More specifically, standards 
have been developed for detection of reflected light 
rays at an angle of 45* to the normal direction of 
the light rays 110. This angle of 45* has become a 
standard for reflectance measurements, and is con- 
sidered desirable in that this configuration will tend 
to maximize the density range of the measure- 
ments. In addition, however, the 45* differential 
also represents somewhat of a relatively normal 
viewing configuration of a human observer (i.e. 
illumination at a 45* angle from the viewer's line of 
sight). 

On the other hand, however, and as described 
in subsequent paragraphs herein with respect to an 
illustrative embodiment of a spectrophotometer ap- 
paratus employing the principles of the invention 
set forth herein, the angle of detection of reflected 
light may vary away from the standard angle of 
45* relative to the normal direction of the light 
rays. Further, as also described in subsequent 
paragraphs herein, light may be detected at mul- 
tiple angles relative to the impingement of light 
rays upon the object sample to be measured. De- 
tails associated with the concept of measurements 
at multiple angles will be set forth in subsequent 
paragraphs herein. 

For purposes of providing light detection, a 
spectral filter apparatus 116 is provided. The filter 
apparatus 116 can include a series of filters 118, 
120 and 122. The filters 118, 120 and 122 are 
employed for purposes of discriminating the cyan, 
magenta and yellow spectral responses, respec- 
tively. That is, each of the fitters will tend to absorb 
light energy at frequencies outside of the band- 
width representative of the particular color hue of 



the filter. For example, the cyan filter 118 will tend 
to absorb all light rays, except for those within the 
spectral bandwidth corresponding to a red hue. By 
detecting reflected light rays only within a particular 

5 color hue bandwidth, and obtaining an optical den- 
sity measurement with respect to the same, a 
"figure of merit" can be obtained with respect to 
the quality of the object sample coloring associated 
with that particular color hue. 

70 It is apparent from the foregoing that the actual 

quantitative measurement of color density or color 
reflectance is dependent in substantial part on the 
spectral transmittance characteristics of the filters. 
Accordingly, various well-known starKlards have 

75 been developed with respect to spectral character- 
istics of densitometer filters. For example, one 
standard for densitometer filters is known as the 
ANSI status T color response. The spectral re- 
sponse characteristics of filters meeting this stan- 

20 dard are relatively wide band (in the range of 50-60 
namometers (nms) bandwidth) for each of the 
cyan, magenta and yellow color hues. Other spec- 
tral response characteristic standards include, for 
example, what is known as G-response. which is 

25 somewhat similar to status T. but is somewhat 
more sensitive to respect to yellow hues. An E- 
response represents a European response stan- 
dard. 

Although the filters 118, 120 and 122 are illus- 

30 trated in the embodiment shown in FIG. 1 as the 
cyan, magenta and yellow color shades, other color 
shades can clearly be employed. These particular 
shades are considered somewhat preferable in 
view of their relative permanence, and because 

35 they comprise the preferred shades for use In 
reflection densitometer calibration. However, it is 
apparent that different shades of red. blue and 
yellow, as well as entirely different colors, can be 
utilized with the densitometer apparatus 100. 

40 The spectral filters 118, 120 and 122 may not 

only comprise various shades of color, but can also 
be one of a number of several specific types of 
spectral response filters. For example, the filters 
can comprise a series of conventional Wratten 

45 gelatin filters and infrared glass. However, various 
other types of filter arrangements can also be em- 
ployed. 

The spectral filters 118. 120 and 122 are pref- 
erably positioned at a 45' angle relative to the 

50 normal direction from the plane of the object sam- 
ple 112 under test. In the particular example shown 
in FIG. 1. each of these filters is maintained station- 
ary and utilized to simultaneously receive light rays 
reflected from the object sample 112. 

55 As further shown in FIG. 1. the portion of the 

reflected light rays 114 passing through the filters 
118, 120 and 122 (shown as light rays 124, 126 
and 128, respectively) impinge on receptor sur- 
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faces of photovoltaic sensor cells. The sensor cells 
are illustrated in FIG. 1 as sensors 132, 134 and 
136 associated with the spectral filters 124. 126 
and 128. respectively. The sensors 132, 134 and 
136 can comprise conventional photoelectric ele- 
ments adapted to detect light rays emanating 
through the corresponding spectral filters. The sen- 
sors are further adapted to generate electrical cur- 
rents having magnitudes proportional to the inten- 
sities of the sensed light rays. As illustrated in FIG. 
1, electrical current generated by the cyan sensor 
132 in response to the detection of light rays 
projecting through the filter 118 is generated on 
line pair 138. Correspondingly, electrical current 
generated by the magenta sensor 134 is applied to 
the line pair 140, while the electrical current gen- 
erated by the yellow sensor 136 is applied as 
output current on line pair 142. Photoelectric ele- 
ments suitable for use as sensors 136, 138 and 
140 are well-known in the art, and various types of 
commercially-available sensors can be employed. 

The magnitude of the electrical current on each 
of the respective line pairs will be proportional to 
the intensity of the reflected light rays which are 
transmitted through the corresponding spectral fil- 
ter. These light rays will have a spectral distribution 
corresponding in part to the product of the spectral 
reflectance curve of the object sample 112. and the 
spectral response curve of the corresponding filter. 
Accordingly, for a particular color shade repre- 
sented by the spectral response curve of the filter, 
the magnitude of the electrical current represents a 
quantitative measurement of the proportional reflec- 
tance of the objects sample 112 within the fre- 
quency spectrum of the color-shade. 

As further shown in FIG. 1. the sensor current 
output on each of the line pairs 138, 140 and 142 
can be applied as an input signal to one of three 
conventional amplifiers 144. 146 and 148. The am- 
plifier 144 is responsive to the current output of 
cyan sensor 132 on line pair 138. while amplifier 
146 is responsive to the sensor current output from 
magenta sensor 134 on line pair 144. Correspond- 
ingly, the amplifier 148 is responsive to the sensor 
current output from yellow sensor 136 on line pair 
142. Each of the amplifiers 144. 146 and 148 
provides a means for converting low level output 
current from the respective sensors on the cor- 
responding line pairs to voltage level signals on 
conductors 150. 152 and 154. respectively. The 
voltage levels of the signals on their respective 
conductors are of a magnitude suitable for subse- 
quent analog-to-digital (A/D) conversion functions. 
Such amplifiers are well-known in the circuit design 
art, and are commercially available with an appro- 
priate volts per ampere conversion ratio, bandwidth 
and output voltage range. The magnitudes of the 
output voltages on lines 150, 152 and 154 again 



represent the intensities of reflected light rays 
transmitted through the corresponding spectral fil- 
ters. 

Each of the voltage signal outputs from the 

5 amplifiers can be applied as an input signal to a 
conventional multiplexer 156. The multiplexer 156 
operates so as to time multiplex the output signals 
from each of the amplifiers 144, 146 and 148 onto 
the conductive path 158. Timing for operation of 

70 the multiplexer 156 can be provided by means of 
clock signals from master clock 160 on conductive 
path 162. During an actual density measurement of 
an object sample, the densitometer 100 will utilize 
a segment of the resultant multiplexed signal which 

76 sequentially represents a voltage output signal from 
each of the amplifiers 144, 146 and 148. 

The resultant multiplexed signal generated on 
the conductive path 158 is applied as an input 
signal to a conventional A/D converter 164. The 

20 A/D converter 164 comprises a means for convert- 
ing the analog multiplexed signal on conductor 158 
to a digital signal for purposes of subsequent pro- 
cessing by central processing unit (CPU) 166. The 
A/D converter 164 is preferably controlled by 

25 means of clock pulses applied on conductor 168 
from the master clock 160. The clock pulses op- 
erate as "start" pulses for performance of the A/D 
conversion. The A/D converter 164 can be any 
suitable analog-to-digital circuit well-known in the 

30 art and can. for example, comprise 16 binary in- 
formation bits, thereby providing a resolution of 65 
K levels per input signal. 

The digital output signal from the A/D converter 
164 can be applied as a parallel set of binary 

35 information bits on conductive paths 170 to the 
CPU 166. The CPU 166 can provide several func- 
tions associated with operation of the densitometer 
apparatus 100. In the embodiment described here- 
in, the CPU 166 can be utilized to perform these 
40 functions by means of digital processing and com- 
puter programs. In addition, the CPU 166 can be 
under control of clock pulses generated from the 
master clock 160 on path 172. However, a number 
of the functional operations of CPU 166 could also 
45 be provided by means of discrete hardware com- 
ponents. 

In part, the CPU 166 can be utilized to process 
information contained in the digital signals from the 
conductive paths 170. Certain of this processed 

50 information can be generated as output signals on 
conductive path 176 and applied as input signals to 
a conventional display circuit 178. The display cir- 
cuit 178 provides a means for visual display of 
information to the user, and can be in form of any 

65 one of several well-known and commercially-avail- 
able display units. 

In addition to the CPU 166 receiving digital 
information signals from the conductive paths 170, 



4 



7 



EP 0 530-818 A2 



8 



information signals can also be manually input and 
applied to the CPU 166 by means of a manually- 
accessible keyboard circuit 180. The user can sup- 
ply "adjustments" to color responses by means of 
entering information through the keyboard 180. Sig- 
nals representative of the manual input from the 
keyboard 180 are applied as digital information 
signals to the CPU 166 by means of conductive 
path 182. 

In general, the most commonly used instru- 
ments for "measuring" color now in commercial 
use are spectrophotometers, colorimeters and den- 
sitometers. While the three types of instrumentation 
are employed to measure reflected or transmitted 
light, a spectrophotometer typically measures light 
at a number of points on the visible spectrum, 
thereby resulting in a curve. With reference to FIG. 
1, a spectrophotometer may have a similar configu- 
ration to the densitometer 100, but instead of hav- 
ing only three pairs of filters and photodiodes, a 
spectrophotometer may have, for example, sixteen 
or more pairs of filter and photodiode configura- 
tions. Each of the filters would be associated with a 
substantially separate portion of the visible light 
spectrum, for purposes of obtaining a curve repre- 
sentative of reflectance (for opaque objects) char- 
acteristics of various object samples. Typically, 
with a spectrophotometer, the output variable re- 
presented by the curve (as a function of 
wavelength) represents a percentage reflectance 
value. A spectrophotometer is considered essential 
in the color formulation of many products. Such 
products can vary from solid, opaque objects (such 
as ceramics and metals) to transparent liquids, 
such as varnishes and dye solutions. 

A colorimeter, in contrast to a spectrophoto- 
meter, typically is utilized to measure light in a 
manner similar to the human eye, i.e. with utiliza- 
tion of red, green and blue (or similar colors) re- 
ceptors. Colorimeters are utilized for many applica- 
tions, including the measurement of printed colors 
on products such as packages, labels and other 
materials, where a product's appearance may be 
considered substantially critical for buyer accept- 
ability. Such colorimeters will typically provide out- 
put in the form of tristimulus values or, alternative- 
ly, in the form of other values which tend to relate 
more specifically to appearance attributes of colors. 
For example, chromaticity coordinates are often 
utilized. 

Spectrophotometer and colorimeter apparatus 
are commonly used for purpose of measuring color 
characteristics of painted surfaces. When manufac- 
turing painted surfaces having pigmented finishes, 
it can be somewhat difficult to readily obtain a 
color "match" with a standard for the painted sur- 
face. In this regard, a spectrophotometer or col- 
orimeter apparatus can be utilized for purposes of 



providing data to assist in adjusting formula pig- 
ment compositions to provide optimal matching of 
pigmented finishes with color standards. The ma- 
nipulation of formula pigment compositions is typi- 
5 cally referred to as "shading." 

With conventional paints or other types of pig- 
ment compositions, a "color quality" measurement 
with sufficient tolerances can typically be obtained 
through the use of a single light source illuminating 
10 the object sample to be tested from a single iilu- 
minant. Correspondingly, with such paints and oth- 
er pigment compositions, it is typically sufficient to 
utilize a single reflectance angle or "angle of detec- 
tion" for the light rays reflected from the colored 
75 surface. 

However, in many industries today, more com- 
plex paints and other pigment compositions are 
being employed. For example, in industries such 
as the automotive industry, paints are being utilized 
20 which employ light-reflecting particles or "flakes." 
These types of paints and other pigment composi- 
tions are typically referred to as "metallic" paints. 
The majority of automobiles currently being manu- 
factured employ such metallic painted surfaces. 
25 With such automotive paints, a primer is first ap- 
plied to the surface of the automobile. A base coat 
is then applied over the primer. Such base coat 
comprises a colored paint having metallic particles 
dispersed within the paint. The metallic particles 
30 are composed of materials such as aluminum, 
coated mica and the like. After application of the 
base coat comprised of the metallic particles, a 
"clear" coat is then applied. The clear coat essen- 
tially blocks ultraviolet light and maintains a gloss 
35 appearance for the painted surface. 

Another type of color material which is cur- 
rently being employed in the automotive industry 
comprises what is known as "pearlescent" paint. 
Pearlescent color materials typically utilize a three- 
40 coat system, in addition to the primer applied to 
the surface. A second coat is provided between the 
base coat and the clear coat. In part, the second 
coat can also include pearlescent particles. 

With metallic color materials, a "lightness" or 
45 color change is exhibited with the viewing angle. 
That is, such color materials change visual appear- 
ance relative to the angle of view. With pearlescent 
materials, an actual color change is exhibited with a 
change in the viewing angle. Such metallic and 
50 pearlescent materials are particularly desirable with 
finishes for products such as automobiles, because 
the change in visual appearance tends to accen- 
tuate the contours of the automobile. That is, a 
change in the lightness or color will tend to cause 
65 the painted product to appear to have greater cur- 
vature. Accentuation of curvature, for aesthetic pur- 
poses, tends to increase the "glamour" of the 
product. 
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With metallic and pearlescent color materials, a 
single color measurement reading at a given angle 
for a spectrophotometer or colorimeter will not pro- 
vide a color "quality" measurement which is suffi- 
ciently accurate to characterize the color character- 
istics of the paint. For purposes of fully characteriz- 
ing the color characteristics of metallic or pear- 
lescent materials, measurements at several differ- 
ent angles of view must typically be obtained. A 
substantial amount of developmental work has 
been undertaken with respect to determination of 
appropriate measuring techniques for determining 
color characteristics of metallic or pearlescent ma- 
terials. For example, three-dimensional plots of 
spectral curves as a function of viewing angle have 
been obtained. However, such plots of spectral 
curves are substantially impractical for purposes of 
industrial color matching and control. Instead, de- 
velopment has been directed toward determining 
what could essentially be characterized as a 
"least" number of measurement angles providing 
sufficient information with respect to 
goniophotometric characteristics of a color, consis- 
tent with visual response, and sufficient to draw 
conclusions within industrial color matching toleran- 
ces. 

For purposes of providing multiple viewing an- 
gles for metallic or pearlescent color materials, 
various types of procedures are known in the art. 
For example, it is known to utilize a detection 
arrangement comprising a fixed viewing angle rela- 
tive to the direction of illumination, with rotation of 
the painted sample to be analyzed. Such arrange- 
ment is commonly known in the art as "object 
modulation." However, as readily apparent, such 
object modulation is substantially difficult with any 
object of relatively large size. Also, tolerances as- 
sociated with the apparatus for rotation of the ob- 
ject sample under test must be extremely small, 
and large and expensive equipment is required for 
such rotation. 

When the viewing angle is essentially "moved" 
to different positions, relative to the direction of 
illumination from a light source, such an arrange- 
ment is typically characterized as "detector modu- 
lation." Correspondingly, a third arrangement is 
commonly referred to as "source modulation." 
With source modulation, the object sample under 
test and the viewing angle are fixed, while the 
direction of illumination is varied. In any event, 
prior studies appear to have indicated that the 
measured color of such metallic or pearlescent 
color materials is primarily a function of the angle 
relative to the specular angle. 

From the substantial prior development which 
has occurred with respect to characterization of 
goniophotometric characteristics of metallic and 
pearlescent color materials, it has essentially been 



concluded that for purposes of practicality, such 
color materials can be effectively characterized by 
measurement at three angles. This determination 
has been made in part through experimentation, as 
6 well as through various calculations. For example, 
within the prior art, the light reflected from a metal- 
lic finish has been characterized as being capable 
of analysis on the basis that such light has a 
diffused component (for multiple reflections with 
70 flake and other pigments) and a flake component 
(from a single reflection from a flake). The flake 
component, in addition to having an overall mag- 
nitude, can be characterized as having an angular 
distribution dominated by a single statistical char- 
75 acteristic of the flake orientation. With this single 
statistical characteristic, only two measurements 
are required for quantification of the same. When 
the metallic or pearlescent color materials are view- 
ed from a direction substantially away from the 
20 specular angle, the color characteristic measure- 
ment is dominated by the diffused component. 
Correspondingly, the flake component dominates 
when viewing from a direction relatively close to 
the specular angle. Accordingly, it is argued that 
25 one angle of measurement should be substantially 
away from the specular angle, while another angle 
should be as close to specular as possible, while 
excluding "first surface" reflection. The third angle 
should be intermediate the other two angles at a 
30 location where the flake component is both signifi- 
cant and significantly different from that in the 
other measurements. 

Other studies have involved the 
goniocolorimeteric characteristics of a substantial 
35 number of metallic colors covering several flake 
types and color pigmentations. Measurements were 
obtained of these metallic colors with respect to 
lightness, hue and chroma as a function of normal- 
ized angle. In these studies, the lightness response 
40 exhibited a relatively complex structure, and was 
thus chosen for polynomial modeling. Residual er- 
rors observed for each model were a measure of 
the information not obtainable from the "fit" of the 
model. It was found that linear models were rela- 
45 tively inadequate in modeling the curvature of the 
response, thereby leaving a relatively large residual 
error. Quadratic models having three appropriate 
chosen measurement angles were characterized as 
dramatically reducing the average residual sum of 
50 squares. Correspondingly, the use of four angles 
gave a relatively slight further reduction in a resid- 
ual sum, although not sufficient so as to justify the 
increased complexity which is required in data han- 
dling from four measurement angles. 
65 In summary, several previous studies have in- 

dicated that measurement of the optical properties 
of metallic or pearlescent color materials at only 
two specified angles can provide some useful char- 
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acteristics. Such arrangements are discussed in 
Armstrong. Jr. et al. U.S. patent No. 3.690.771 
issued September 12. 1972. However, it has gen- 
erally been accepted in the industry today that 
three angles of measurement are substantially op- 
timal for purposes of determining color characteris- 
tics of metallic and pearlescent color materials. For 
example. Alman. U.S. patent No. 4.479.718 issued 
October 30. 1984, is directed to an instrument for 
determining color characteristics of paints having 
reflecting flakes. The Alman patent describes an 
arrangement whereby the paint sample is illumi- 
nated by a single light source, with the light re- 
flected by the paint sample being detected by a 
series of three detectors positioned at various an- 
gles. By utilizing the combined reflectance mea- 
surements of the three detectors, a 
"compensation" for the differing metallic reflecting 
qualities is achieved. 

Alman further describes the concept that re- 
flectance factors can be utilized to calculate color 
descriptor values for purpose of specifying color 
and color difference. Tristimulus values of a color 
can be calculated by combining the reflectance 
factor data with data on the sensitivity of the hu- 
man eye and the irradiance of a light source, all as 
functions of wave length in the visible spectrum. 
The tristimulus values can be utilized to calculate 
color descriptors which relate to visual perception 
of color and color difference. For example, one set 
of descriptors which can be utilized are the CIE 
L'a*b* perceptual color scales as recommended by 
the International Commission on Illumination. 

Transformations of the tristimulus values can 
be used to calculate various perceptual color val- 
ues in accordance with equations set forth in the 
Alman patent. Alman further describes various the- 
ory associated with the determination of mathemat- 
ical models for purposes of determining an optimal 
number of angles for purposes of measurement. 
Alman concludes that three properly selected mea- 
surement angles provide an optimized selection for 
purposes of determining maximum information on 
metallic color for relatively minimum measurement 
effort. Alman also describes the concept of provid- 
ing an incident light source positioned at angle of 
45' relative to a surface comprising a paint film. 
Three detectors are position at three different an- 
gles, namely 15*, 45", and 110' as measured 
from the specular angle. Although Alman describes 
the concept of employing a single light source with 
multiple detectors, apparatus associated with op- 
eration of the detectors is not specifically described 
within the application. 

In another arrangement, Steenhoek, U.S. patent 
No. 4,917,495, describes a colorimeter and method 
for characterizing optical properties of a colored 
surface comprising metallic or pearlescent parti- 



cles. The Steenhoek arrangement utilizes three 
multi-angular spectrophotometric measurements to 
derive color constants for the surface. 

The Steenhoek colorimeter specifically utilizes 
6 three sources of illumination comprising three sep- 
arate lamps. The output of the lamps is collimated 
by achromatic source lenses mounted at the cor- 
responding focal lengths from the lamp filament. 
Collection optics are included which comprise 
70 achromatic collection lenses mounted at twice their 
corresponding focal lengths from a sample surface. 
A monochrometer, comprising a diffraction grating 
and a silicone diode array detector, is mounted 
opposite to the sample side of the lens. An en- 
75 trance slit to the monochrometer is mounted at a 
distance of one focal length from the lens. Such an 
arrangement permits only light which is very nearly 
collimated to pass through the entrance slit, permit- 
ting only light scatter at or about 45* from the 
20 sample normal to enter the monochrometer. 

After passing through the entrance slit, light 
diverges until it impinges upon the diffraction grat- 
ing. At the diffraction grating, the light is dispersed 
and refocused onto a silicone diode array detector 
25 having 12 detecting elements. Each of the detect- 
ing elements includes an associated amplifier 
which converts diode current to a voltage signal. 
The 12 signals are then multiplexed and digitized 
by an analog to digital converter. All of the func- 
30 tions of the colorimeter are controlled by a micro- 
computer, and measurement data derived from the 
instrument is displayed on an LCD display. Within 
the colorimeter, the sample to be measured is 
sequentially illuminated from minus 30 ' , 0 * and 
35 65' as measured from a sample normal. Light 
reflected from the sample is detected at 45* as 
measured from the sample normal. 

In accordance with the foregoing, concepts as- 
sociated with multi-angular measurements of color 
40 materials employing metallic or pearlescent par- 
ticles are relatively well known. However, these 
known systems typically require a substantial num- 
ber of optical elements. For example, although not 
specifically described in the Alman patent, it ap- 
45 pears that each of the detector arrangements 
shown therein would require separate detection cir- 
cuitry for providing electrical signals representative 
of the detected light rays. Correspondingly, with 
respect to the Steenhoek patent, three illumination 
60 sources are required. Still further, although Steen- 
hoek is described as a portable device, it is not 
clear that the device described in the Steenhoek 
patent would include a power source, except for a 
source separate from the primary unit. 

55 
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Summary Of The Invention 

In accordance with the invention, an apparatus 
is provided which is adapted for measuring color 
characteristics of a colored surface. The apparatus 
includes light source means for projecting light 
toward the colored surface at at least one angle of 
illumination relative to the surface. Light receiving 
means are provided for receiving light rays re- 
flected from the colored surface at a plurality of 
reflection angles relative to the surface. 

Detection means are also provided, which are 
connected to the light receiving means. The detec- 
tion means provides a means for detecting the light 
rays reflected from the colored surface, and for 
generating electrical signals representative of spec- 
tral characteristics of the surface, for each of a 
series of spectral segments across the visible light 
spectrum. Processing means are connected to the 
detection means and responsive to the electrical 
signals for generating data representative of the 
spectral characteristics. The apparatus also in- 
cludes switching means positioned adjacent to the 
light receiving means for periodically inhibiting the 
light rays reflected from the colored surface from 
being received by a subset of the light receiving 
means. 

Brief Description of the Drawings 



The invention will now be described with re- 
spect to the drawings, in which: 

FIG. 1 is an illustrative embodiment of a prior art 
color measuring device comprising a densitom- 
eter; 

FIG. 2 is a perspective view of the entirety of 
the mechanical structure of a multi-angular 
spectrophotometer apparatus in accordance with 
the invention; 

FIG. 3 is a sectional view showing a portion of 
the optical-mechanical structure of the spec- 
trophotometer apparatus shown in FIG 2. and 
particularly showing the optical switching con- 
figuration for the reflected light receiving struc- 
ture; 

FIG. 4 is a block diagram showing the electro- 
optical structure of the spectrophotometer ap- 
paratus shown in FIG. 3; 

FIG. 5 is a diagram of an exemplary digital 
processing arrangement; 

FIG. 6 is a diagram of an exemplary processor 
configuration; and 

FIG. 7 represents a functional sequence diagram 
for performance of certain procedures of the 
spectrophotometer apparatus in accordance with 
the invention. 



Description of the Preferred Embodiment 



The principles of the invention relate to appara- 
tus and methods associated with multi-angular 
5 measurements of optical characteristics and are 
disclosed, by way of example, in a spectrophoto- 
meter apparatus 200 as illustrated in FIGS. 2 and 
3. Spectrophotometer apparatus of the type shown 
in FIGS. 2 and 3 are characterized as reflection 
10 spectrophotometers and utilized to provide spectral 
response characteristics of colored materials. Gen- 
eral concepts associated with such measurements 
were previously described in the section entitled 
''Background of the Invention." 
75 As described in greater detail herein, the spec- 

tral response characteristics are obtained by pro- 
jecting light from a single light source toward the 
object sample, and then measuring at multiple an- 
gles the proportion of light reflected from the object 
20 sample within each of a series of spectral seg- 
ments across the visible light spectrum. In accor- 
dance with the invention, the spectrophotometer 
apparatus 200 provides a means for obtaining op- 
tical characteristics of color materials such as me- 
25 tallic or pearlescent paints, with relatively high ac- 
curacy and repeatability, and yet while still provid- 
ing a hand-held and portable apparatus. 

An exemplary physical structure of the spec- 
trophotometer apparatus 200 is illustrated in rela- 
30 tive simplistic form in FIGS. 2 and 3. Referring 
specifically to FIG. 2, the spectrophotometer ap- 
paratus 200 comprises a compact structure suit- 
able for use while being hand-held, and providing 
complete portability. The spectrophotometer appa- 
35 ratus 200 includes an upper cover 202 which may 
have a trim strip 204 positioned therearound. Lo- 
cated below the upper cover 202 is a housing 
subassembly 206 adapted to house various com- 
ponents of the spectrophotometer apparatus 200. 
40 The components of the spectrophotometer ap- 

paratus 200 include an optics assembly housed 
within a section of the apparatus 200 and partially 
shown in FIG. 2 as assembly 208. The apparatus 
200 also includes a lower surface (not shown) 
45 adapted to be positioned adjacent the object sam- 
ple to be tested, with the optics assembly 208 
positioned substantially flush with the particular 
portion of the paint surface or other object sample 
to be tested. 

50 As described in subsequent paragraphs herein, 

the spectrophotometer apparatus 200 can include a 
relatively conventional battery, for purposes of pro- 
viding DC battery power to the apparatus 200. 
However, an AC adaptor input 210 is also provided 

55 for purposes of allowing use of the spectrophoto- 
meter apparatus 200 with conventional external AC 
power. 
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As further shown in FIG. 2, a visual display 
device 212 is also provided, which can comprise a 
conventional LCD display device. In addition, a 
keyboard 214 can be provided, having a series of 
key switches 216. The key switches 216 associated 
with the keyboard 214 can be conventional switch- 
es for providing manual input entry for the spec- 
trophotometer apparatus 200. A display cover 218 
can be utilized to aesthetically cover the visual 
display device 212 in the manner shown primarily 
in FIG. 2, 

With further reference to FIG. 2. an enable 
switch 220 is also provided, for purposes of en- 
abling and disabling the spectrophotometer appara- 
tus 200. In addition, as described in subsequent 
paragraphs herein, the spectrophotometer appara- 
tus 200 can be adapted to transmit or receive data 
from external computers or other devices. For this 
purpose, an external port 222 is also provided. 
Preferably, the external port 222 can employ a 
conventional RS232 interface configuration. Con- 
cepts associated with the use of a color measure- 
ment device and an interface for communication 
with external devices are disclosed in the com- 
monly assigned Peterson et al U.S. Patent No. 
4.591.978 issued May 27. 1986. 

In accordance with the invention, the spec- 
trophotometer apparatus 200 provides for the use 
of multi-angular measurements of an object sample 
under test, such as an automobile panel surface 
having a metallic or pearlescent paint film. How- 
ever, further in accordance with the invention, the 
multi-angular measurements are obtained with the 
use of only a single light source and a plurality of 
tight receiving devices which apply light reflected 
from the object sample to a single array of 
photodetectors. As described in subsequent para- 
graphs herein, only a single array of photodetectors 
is required in view of sequential switching of the 
enabling of the light receiving devices through the 
use of an electro-mechanical "shuttering" arrange- 
ment. 

The foregoing concepts are illustrated in the 
depiction of an exemplary optical/mechanical struc- 
ture as shown in FIG. 3. The structure, identified as 
optical/mechanical structure 224, includes a light 
source unit 226 having a lamp 228 which projects 
light through an aperture 230 and through a col- 
limating lens 232. Various standards have been 
developed for a spectrophotometer for light source 
illuminants such as lamp 228. for spectral reflec- 
tance measurements in various industrial and com- 
mercial fields. For example, standards have pre- 
viously been described in terms of a tungsten lamp 
providing an influx from a lamp operating at a 
Planckian distribution of 3000K. Other suggested 
standards have been developed by ANSI and the 
International Organization for Standardization 



("lOS"). In addition, various CIE illuminants have 
also been defined, for calculations under various 
lighting conditions. Such light source standards are 
typically defined in terms of the spectral energy 
5 distribution of the illuminant. The lamp 228 prefer- 
ably conforms to an appropriate standard and can, 
for example, comprise a filament meeting a stan- 
dard conventionally known in the industry as 2856K 
ANSI. The light source 226 comprising the lamp 
70 2 28 can be operated or under control of a conven- 
tional lamp control circuit as described in subse- 
quent paragraphs herein, and power to lamp con- 
trol circuit can be provided through a battery sup- 
ply associated with the apparatus 200. 
75 The lamp 228 projects light through the ap- 

erture 230 and through the collimating lens 232. 
The collimating lens 232 serves to focus elec- 
tromagnetic radiation from the lamp 228 into a 
relatively narrow colltmated beam of light rays. 
20 Various types of conventional and well-known col- 
limating lenses can be employed. Light rays from 
the collimating lens project through a further ap- 
erture 234, with the dimensions of the aperture 234 
determining the size of the irradiated area of an 
25 object sample 236. Various standards have also 
been defined for preferable sizes of the irradiated 
area. Ideally, the aperture is of a size such that the 
irradiance is uniform over the entire irradiated area. 
However, in any physically realizable spectrophoto- 
30 meter arrangement, such uniform irradiance cannot 
be achieved. Current standards suggest that the 
size of an irradiated area should be such that 
irradiance measured at any point within the area is 
at least 90 percent of the maximum value. In addi- 
35 tion, however, aperture size is typically limited to 
the size of the particular areas to be measured, 
and is also sized so as to reduce stray light. 

The light rays emerging from the aperture 234 
are illustrated in FIG. 3 as light rays 238 and are 
40 projected onto the irradiated area surface of the 
object sample 236 under test. As the light rays 238 
are projected onto the object sample 236 under 
test, electromagnetic radiation shown as light rays 
240. 242, and 244 will be reflected from the object 
45 sample 236. As previously described in the section 
entitled "Background Of The Invention," It Is nec- 
essary to obtain quantitative measurements of this 
reflected light for purposes of determining the rela- 
tive proportions of the light reflected from various 
60 segments of the spectrum and from various object 
samples. As also previously described, it is sub- 
stantially impossible to measure all of the light 
reflected from the object sample 236. Accordingly, 
reflected light is detected and received only at 
55 specific angles relative to the angle of illumination. 
For purposes of description, and in accordance 
with industry standards, the angles of detection are 
typically measured from a spectral angle which is 



9 



17 



EP 0 530 818 A2 



18 



illustrated in FIG. 3 by angle line 246. For purposes 
of illustration and description, FIG. 3 illustrates the 
angle of the reflected light wave 244 as corre- 
sponding to angle 248. Correspondingly, the light 
wave 242 is shown as being reflected at angle 250. 
Still further, reflected light wave 240 is shown as 
being reflected at angle 252. 

In accordance with the Invention, the reflected 
light waves 240, 242, and 244 are received by light 
receiving devices connprising a series of optical 
fiber bundles 254. 256 and 258. More specifically, 
optical fiber bundle 254 is positioned at angle 252 
relative to the specular angle shown by line 246, 
and receives the reflected light waves 240. Optical 
fiber bundle 256 is positioned at angle 250 relative 
to the specular angle and receives reflected light 
waves 242. Still further, optical fiber bundle 258 is 
positioned at spectral angle 248 and receives re- 
flected light waves 244. 

In accordance with the invention, the reflected 
light waves 240, 242 and 244 received by the 
optical fiber bundles 254, 256 and 258, respec- 
tively, are applied by the fiber bundles to a single 
array of photodetector devices as described in 
subsequent paragraphs here. Further in accor- 
dance with the invention, at any given time, re- 
flected light waves are prohibited from being re- 
ceived by two of the three optical fiber bundles, 
through the use of an electro-mechanical 
"shuttering" arrangement. More specifically, a shut- 
tering arrangement in accordance with the inven- 
tion comprises two motors, identified as motors 
260 and 262 in FIG. 3. Each of the motors can be 
conventional in design and of sufficient size and 
power so as to be operable through the use of 
conventional batteries employed with the spec- 
trophotometer apparatus 200. Each of the motors 
260, 262 includes an actuator arm 264 which is 
capable of at least partial rotation. Each of the 
actuator arms 264 is slidably coupled to an arm 
follower 266 integral with or otherwise connected to 
an optical shutter device 268. Each of the optical 
shutter devices, includes a cylindrical portion 
rotatably coupled to the body of the apparatus 200 
or other appropriate part through an axle 270. As 
further shown in FIG. 3, each of the optical shutter 
devices 268 includes a pair of optical shutters 272 
positioned substantially at 90* angles relative to 
each other. As further shown in FIG. 3, with the 
optical shutter device 268 coupled to the motor 260 
in the position shown in FIG. 3. one of the optical 
shutters 272 is in a position so as to prohibit 
reflected light waves 240 from being received by 
the optical fiber bundle 254. Correspondingly, with 
the optical shutter device 268 coupled to the motor 
262 and positioned as shown in FIG. 3, one of the 
optical shutters 272 substantially prohibits the re- 
flected light waves 244 from being received by the 



optical fiber bundle 258. Further in accordance with 
the positional configuration of the optical shutter 
devices 268 as shown in FIG. 3, only the reflected 
light waves 242 are received by the optical fiber 

5 bundle configurations, and the light waves 242 are 
received only by the optical fiber bundle 256. 

For purposes of allowing the optical fiber bun- 
dle 254 to receive the reflected light waves 240. 
the motor 260 can be actuated so as to rotate the 

70 actuator arm 264 in a clockwise direction as illus- 
trated in FIG. 3. As further shown in FIG. 3, the 
actuator arm 264 is coupled to the arm follower 
266 through the channel 274. With this configura- 
tion, the arm follower 266 associated with the op- 

75 tical shutter device 268 coupled to the motor 260 
will rotate in a counter-clockwise direction as 
shown in FIG. 3. With this rotation, the optica! 
shutters 272 will correspondingly rotate so that the 
reflected light waves 240 can be received through 

20 the optical fiber bundle 254, while one of the op- 
tical shutters 272 will be positioned in part so as to 
prohibit the reflected light waves 242 from the 
being received by the optical fiber bundle 256. 
With this configuration, only the optical fiber bundle 

25 254 will be receptive to any light waves reflected 
from the object sample 236 under test. 

As apparent from the foregoing description, the 
motor 262 can be enabled so as to rotate the 
actuator arm 264 associated therewith in a counter- 

30 clockwise direction. Although not specifically shown 
in FIG. 3, the actuator arm 264 associated with the 
motor 262 is connected to the optical shutter de- 
vice 268 which is not associated with the motor 
260. With rotation of the actuator arm 264 of motor 

35 262 in a counter-clockwise direction, one of the 
shutters 272 associated with the optical shutter 
device 268 will be rotated so as to prohibit re- 
flected light waves 242 from being received by the 
optical fiber bundle 256. However, with the posi- 

40 tional rotation, the optical fiber bundle 258 will be 
enabled so as to receive the reflected light waves 
244 therethrough. 

In summary, the motors 260, 262 can be op- 
erated in a manner such that each of the optical 

45 fiber bundles 254, 256 and 258 is sequentially 
enabled so as to receive the corresponding re- 
flected light waves 240, 242 and 244, respectively. 
As will be described in part in subsequent para- 
graphs herein, the motors 260, 262 can be op- 

50 erated under control of a processor associated with 
the electro-mechanical circuity of the spectrophoto- 
meter apparatus 200. With this configuration and 
operation of the motors 260. 262. reflected light 
waves are sequentially received through each of 

55 the fiber bundles 254, 256 and 258. with light 
waves being received through each optical fiber 
bundle only at a time such that no light waves are 
received through either of the other two optical 
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fiber bundles. Although FIG. 3 illustrates a particu- 
lar electro-mechanical shuttering or switching ar- 
rangement for sequential reception of reflected 
light waves through the optical fiber bundles, var- 
ious other switching arrangements can be em- 
ployed for providing such optical switching, without 
departing from the novel concepts of the invention. 
Still further, the invention is not limited to any 
particular ones of the angles 248. 250 or 252 
corresponding to the angles of reflection relative to 
the specular angle. As an illustrative embodiment, 
angle 248 can be 25* . angle 250 can be 45* , and 
angle 252 can be 110 V 

A circuit configuration 280. comprising an ex- 
emplary embodiment of the circuitry of spec- 
trophotometer apparatus 200 which can be utilized 
in accordance with the invention, is primarily illus- 
trated in FIG. 4. A number of the components of 
the circuit configuration 280 are similar in structure 
and function to components of the densitometer 
apparatus 100 previously described with respect to 
FIG. 1 in the section entitled "Bacl<ground of the 
Invention." The principal components of the circuit 
configuration 280 as shown in FIG. 4 are relatively 
well known in the art. 

As previously described, apparatus 200 com- 
prises a spectrophotometer apparatus for purposes 
of providing output data in the form of spectral 
characteristics of an object sample 236 under test. 
As shown in FIG. 4. the spectrophotometer appara- 
tus 200 and the circuit configuration 280 include a 
light source unit 226 utilized for measuring the 
spectral response characteristics of the object sam- 
ple 236. With reference to FIG. 2. for purposes of 
measuring the object sample 236 under test, the 
sample 236 would be positioned underneath the 
optics assembly 208. In the particular configuration 
illustrated in FIG. 4. the spectrophotometer appara- 
tus 200 is adapted to measure spectral reflection 
characteristics. However, it should be emphasized 
that certain aspects of the invention could be em- 
ployed in color measurement apparatus varying in 
function from the spectrophotometer apparatus 
200. 

As previously described with respect to FIG. 3. 
various standards have been developed for spec- 
trophotometer light source illuminants for spectral 
reflectance measurements in various industrial and 
commercial fields. As also described with respect 
to FIG. 3. the light source unit 226 can include a 
lamp 228 and collimating lens 232, with the light 
source unit 226 transmitting light rays 238 to the 
surface of the object sample 236 under test. As the 
applied light rays 238 project onto the object sam- 
ple 236, electromagnetic radiation shown as light 
rays 240, 242 and 244 will be reflected from the 
object sample 236. These light rays and the angles 
of reflection associated therewith were previously 



described with respect to FIG. 3. As also previously 
described with respect to FIG. 3. the reflected light 
rays 240. 242 and 244 are received by optical fiber 
bundles 254. 256 and 258. respectively. The op- 
5 tical fiber bundles 254, 256 and 258 receive the 
corresponding reflected light rays at angles 252, 
250 and 248. respectively. The reflected light rays 
240, 242, and 244 are sequentially in time received 
by the optical fiber bundles 254. 256 and 258, 
70 respectively, with only one of the optical fiber bun- 
dles being enabled at any given time to receive the 
reflected light rays. An exemplary means for pro- 
viding the sequential reception of the reflected light 
rays by the optical fiber bundles comprises the 
75 electromechanical shuttering arrangement depicted 
and previously described with respect to FIG. 3. 

With further reference to FIG. 4. the light re- 
ceived by the optical fiber bundles 254, 256 and 
258 is applied on symbolic paths 282 to a single 
20 array of filtered photocells 284. The photocell array 
284 comprises relatively conventional circuitry with 
a predetermined number of "segmented" 
filter/photocell detection circuits, with each circuit 
corresponding to a different portion of the visible 
25 light spectrum in accordance with the spectra! 
characteristics of the particular filter associated with 
the corresponding photocell. That is, a separate 
filter and photocell will be provided for each seg- 
ment. 

00 It should be emphasized that the light rays 

applied to the filtered photocells 284 from each of 
the optical fiber bundles will be applied in their 
entirety to the entire array of filtered photocells 
284. Also, in accordance with the previously de- 

35 scribed switching arrangement, at any given time, 
light rays from only one of the symbolic paths 282 
will be applied to the filtered photocells 284. At any 
given time, although the circuitry associated with 
the spectrophotometer apparatus 200 need not In- 

40 dude specific circuitry for inhibiting application of 
light rays from two of the three symbolic paths 282, 
two of the three symbolic paths 282 at any given 
time will have no light rays associated therewith in 
view of the prohibiting of reception of light from the 

45 two corresponding optical fiber bundles at such 
time. 

As is well known in the design of spectrophoto- 
meters, each of the filters associated with the fil- 
tered photocells 284 will have a different spectra! 

50 frequency response, so that the entire array of 
filters will provide an indication of spectral char- 
acteristics of the reflected light across the entirety 
of the visible light spectrum. For example, each of 
the filters (corresponding to an associated spectral 

55 "segment") can have a bandwidth substantially in 
the range of 20 nanometers (nms), with each of the 
filters having a center frequency spaced apart ap- 
proximately 20 nms from filters having adjacent 



11 



21 



EP 0 530 818 A2 



22 



frequency responses. That is, each of the filters will 
tend to absorb light energy at frequencies outside 
of the bandwidth representative of the particular 
spectrum portion of the filter. In this manner, with 
each of the filters representative of a different 
"segment" and different portion of the visible light 
spectrum, a quantitative measurement of the light 
reflected from the object sample and passing 
through each filter will provide an indication of the 
proportion of light reflected from the object sample 
within the particular frequency bandwidth of the 
filter. Accordingly, for a given predetermined num- 
ber of filters or segments, a corresponding number 
of "points" can be obtained for the spectral re- 
sponse characteristic curve for the object sample. 
For example, a series of 16 segments comprising 
16 pairs of filters/photocells can be employed, with 
each of the filters having a bandwidth of approxi- 
mately 20 nms. However, various other numbers of 
filters and various bandwidth ranges can also be 
employed without departing from any of the novel 
concepts of the invention. 

It is apparent from the foregoing that the actual 
quantitative measurement of reflectance for a par- 
ticular segment is dependent in substantial part on 
the spectral transmittance characteristics of the fil- 
ters. Accordingly, various well-known standards 
have been developed with respect to spectral char- 
acteristics of color measurement device filters. For 
example, with respect to densitometer apparatus, 
standards were previously described for the prior 
art densitometer apparatus 100 illustrated in FIG. 1. 
Again, a various number of filters and segments, 
with corresponding varying bandwidths, can be em- 
ployed with respect to photometer apparatus 200 in 
accordance with the invention. However, in accor- 
dance with the invention, a particular advantage is 
obtained through the use of only a single array of 
filtered photocells 284, notwithstanding the use of 
multiple optical fiber bundles 254, 256 and 258. In 
particular, to achieve portability and to avoid a 
requirement of compensation among multiple fil- 
tered photocell arrays, the single array of filtered 
photocells 284 provides a significant advantage. 

Continuing to refer to the filtered photocells 
284, the configuration 284 can comprise a series of 
cells such as photovoltaic sensor cells (not specifi- 
cally shown outside of the configuration 284). A 
sensor cell would be positioned essentially behind 
each of the filters, so that the light rays passing 
through the filters would impinge on receptor sur- 
faces of the sensor cells. Accordingly, the configu- 
ration 284 would comprise a separate sensor cell 
associated with each of the separate filters. Such 
sensor cells can comprise conventional photoelec- 
tric elements adapted to detect the light rays ema- 
nating through the corresponding spectral filters. 
The sensors are well known in the art of color 



measuring device design, and are preferably adapt- 
ed to generate electrical currents having magni- 
tudes proportional to the intensities of the sensed 
light rays. Various types of commercially available 

5 sensors can be employed with the filtered photocell 
configuration 284. 

The magnitude of the electrical current com- 
prising an output signal for each of the photocells 
associated with the filtered photocell array 284 will 

10 be proportional to the intensity of the reflected light 
rays transmitted through the corresponding spec- 
tral filter. These light rays will have a spectra! 
distribution corresponding in part to the product of 
the spectral reflectance curve of the object sample 

75 236 under test, and the spectral response curve of 
the corresponding filter. Accordingly, for a particu- 
lar segment of the visible light spectrum repre- 
sented by the spectral response curve of the filter, 
the magnitude of the electrical current represents a 

20 quantitative measurement of the proportion of re- 
flectance of the object sample 236 within the fre- 
quency spectrum for which the filter readily passes 
visible light. 

Continuing to refer to FIG. 4, the electrical 

25 currents representative of the proportion of light 
passing through the filters of the filtered photocell 
configuration 284 are applied on circuit lines of line 
group 286. For purposes of simplification and un- 
derstanding, the line group 286 is illustrated in FIG. 

30 4 as comprising a single directional line. However, 
in the physically realized circuit configuration 280, 
the line group 286 would comprise a separate line 
pair for each of the frequency segments and, cor- 
respondingly, for each of the filters and photocells 

36 of the configuration 284. That is, a line pair would 
be interconnected to each of the photocells of the 
configuration 284. 

As further shown in FIG. 4, each of the elec- 
trical current signals appearing on pairs of the line 

40 group 286 are applied to a series of linear amplifi- 
ers 288. Again, for purposes of simplification and 
understanding, the linear amplifiers 288 are illus- 
trated in FIG. 4 as comprising a single symbolic 
element. However, the linear amplifiers 288 would 

45 preferably comprise a separate linear amplifier for 
each of the segments of the spectrophotometer 
apparatus 200, with each line pair of the line group 
286 interconnected to a separate one of the linear 
amplifiers 288. The linear amplifiers 288 can be 

50 conventional in structure and function, and respon- 
sive to the electrical current output signals of the 
associated photocell sensors to provide a means 
for converting low level output current from the 
respective sensor and the corresponding input line 

55 pair to a voltage level signal generated as an 
output signal for each linear amplifier. The voltage 
level of the output signal of each linear amplifier is 
preferably of a magnitude suitable for subsequent 
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analog-to-digital (A/D) conversion functions. Such 
amplifiers are well known in the circuit design art 
and are commercially available with an appropriate 
volts per ampere conversion ratio, bandwidth and 
output voltage range. The voltage output signal 
from each of the linear amplifiers 288 is applied as 
an output signal to separate ones of the line group 
290. 

The spectrophotometer apparatus 200 can also 
include side sensors 292 utilized to compensate for 
changes in lamp intensity of the light source unit 
226. The side sensors 292 can comprise appro- 
priate photovoltaic sensor cells or similar sensors 
responsive to the light rays 294 emanating from the 
light source unit 226. In known arrangements em- 
ploying side sensors for lamp compensation, the 
spectral response characteristics of the side sen- 
sors are "matched" to the spectral response char- 
acteristics of the particular detection channel or 
segment then being compensated. For example, in 
various densitometer arrangements, wherein cyan, 
magenta and yellow color channels may be em- 
ployed, it is known to provide for matching the 
spectral response characteristic of the side sensor 
to the particular channel then being compensated. 
Such a matching arrangement may be achieved 
through the use of multiple side sensors each 
having a filter with a spectral response characteris- 
tic matching that of one of the channels of the 
densitometer or, alternatively, a single side sensor 
may be employed with a series of filters which are 
individually and sequentially "moved" into appro- 
priate positions so as to provide a response char- 
acteristic matching that of the then currently evalu- 
ated color channel. Similar arrangements have 
been employed in other color measuring devices, 
such as spectrophotometers. 

Other arrangements are known wherein the 
employment of side sensors in a spectrophoto- 
meter apparatus do not include any "changing" of 
spectral response characteristics, and further do 
not include any components to necessarily match 
the spectral response characteristics of the side 
sensors with spectral response characteristics of 
the segments then being evaluated. Such a side 
sensor arrangement is disclosed in commonly as- 
signed and copending U.S. Patent Application 
Serial No. 679.995, filed March 29, 1991. The 
afore-referenced patent application also describes 
various concepts associated with calibration of the 
spectrophotometer apparatus 200. 

The electrical current output signals from the 
side sensors 292 generated on line pairs 296 are 
applied as input signals to the linear amplifiers 298. 
The linear arnptifiers 298 can preferably comprise 
amplifiers having structure and functions similar to 
the linear amplifiers 288. That is, the linear amplifi- 
ers 298 can generate appropriate voltage level out- 



put signals on lines 300 proportional to the elec- 
trical current input signals on lines 296. As further 
shown in FIG. 4. appropriate supply voltage can be 
applied to the linear amplifiers 288 and 298 from 
5 the supply voltage circuit 302 by means of lines 
304. 

Continuing to refer to FIG. 4. the voltage signal 
outputs form the linear amplifiers 288 are applied 
as input signals on lines 290 to the* multiplexer 

70 circuitry 306. The multiplexer circuitry 306 can be 
conventional in design and comprise a series of 
one or more conventional multiplexers. The mul- 
tiplexer circuitry 306 operates so as to time mul- 
tiplex the output signals from the linear amplifier 

76 circuitry onto the conductive paths 308. As further 
shown in FIG. 4, the multiplexer circuitry 306 will 
also have an input signal on lines 310 from linear 
amplifier 312. The linear amplifier 312 is utilized to 
provide an appropriate voltage level signal to the 

20 multiplexer circuitry 306 from the battery pack 314. 
The battery pack 314 will supply appropriate sig- 
nals as input signals to the linear amplifier 312 on 
line 316. 

Timing for operation of the multiplexer circuitry 
25 306 can be provided by means of clock and similar 
signals from the processor 318 conductive paths 
320. Operation of the processor 318 will be 
descOribed in greater detail in subsequent para- 
graphs herein. Again, the structure and function of 
30 the multiplexer circuitry 306 is relatively conven- 
tional in design. During actual measurements of the 
reflectance from the object sample 236. the spec- 
trophotometer apparatus 200 will utilize the resul- 
tant multiplexed signals on path 308 as sequen- 
35 tially representative reflectance signals from each 
of the spectrum segments and each of the linear 
amplifiers 288. In addition, the multiplexed signals 
will also represent signals sequentially received 
from each of the optical fiber bundles 254, 256 and 
40 2 58. representative of reflection signals at the an- 
gles 252, 250 and 248, respectively. 

The resultant multiplexed signals from the mul- 
tiplexer circuitry 306 are applied as output signals 
on the conductive path or paths 308. These signals 
45 are further applied as input signals to linear amplifi- 
ers 322. The resultant output signals from linear 
amplifiers 322 are applied as input signals on paths 
324 to a relatively conventional analog-to-digital 
(A/D) converter circuit 326. The A/D converter 326 
60 comprises a means for converting the analog mul- 
tiplexed signals on the conductive paths 324 to 
digital signals for purposes of subsequent process- 
ing by the processor 318. The A/D converter 326 
can be conventional in design and may be con- 
55 trolled by timing and similar pulse signals applied 
as input signals on conductive paths 317 from the 
processor 318 and signals from linear amplifier 
supply voltage circuit 302 and linear amplifiers 298 
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on conductive paths 328 and 300. respectively. 
The signals from the supply voltage 302 on line 
328 provide appropriate voltage for operation of the 
A/D converter 326. 

As further illustrated in FIG. 4, the digital output 
signals fronn the A/D converter 326 are applied as 
input signals on paths 330 to the processor 318. 
The processor 318 is utilized for control of various 
functions associated with the spectrophotometer 
apparatus 200. including operation of the motors 
260 and 262 previously described with respect to 
FIG. 3. and corresponding switching of the enabling 
of optical fiber bundles 254, 256 and 258 in accor- 
dance with the invention. Numerous types of con- 
ventional and commercially available processors 
can be employed for the processor 318. An exem- 
plary processor could, for example, comprise the 
Intel 80C31 8-byte CMOS nnicrocomputer commer- 
cially available from the Intel Corporation. 

For purposes of general background, FIGS. 5 
artd 6 illustrate a general structural diagram of a 
computer configuration with generalized compo- 
nents. The arrangement shown in FIGS. 5 and 6 
does not necessarily correspond specifically to the 
processor and associated component configuration 
illustrated in FIG. 4. Instead, FIGS. 5 and 6 are 
merely for purposes of background description of a 
generalized form of a programmable device. Refer- 
ring specifically to FIG. 5, a generalized processing 
unit 400 is illustrated. As shown therein, the pro- 
cessing unit 400 can comprise a relatively conven- 
tional microprocessor 402. As previously de- 
scribed, although various types of well known and 
commercially available devices can be employed 
for the processor 402, a typical internal configura- 
tion for processor 402 is illustrated in FIG. 6. and a 
brief and simplistic description thereof will be pro- 
vided. 

Referring specifically to FIG. 6. the processor 
402 comprises an internal bus 404 which provides 
a means for bidirectional communication between 
conventional circuit components of the processor 
402. For example, signals can be transmitted to 
and received from the program counter 406, which 
comprise signals representative of the "next" in- 
struction in the computer memory to be executed. 
Communication can also be provided between the 
internal bus 404 and processor components such 
as the stack pointer 408, general purpose registers 
410 and arithmetic unit 420. Each of these proces- 
sor components is well known to those skilled in 
the art of internal computer system design. 

The transmission and reception of data from 
memories and other components of the processing 
unit 400 can be provided by the data bus 422 
which is connected to the internal bus 404 through 
a conventional data buffer 424 so as to provide 
bidirectional communication therewith in the form 



of multi-digit parallel binary signals. The internal 
bus 404 is also connected to an address bus 426 
through an address buffer 428. The processor 402 
can provide, for example, multi-digit parallel binary 

5 address signals on the bus 426 for directed com- 
munication between the processor 402 and the 
various memories and other devices having signal 
communications through the data bus 422. 

Conventional system control is provided by in- 

70 terconnection of the control bus 430 to timing and 
control circuitry 432. Communication signals from 
the conventional timing and control circuitry 432 
can be applied to various components of the pro- 
cessor 402 through the Internal bus 404. 

75 The processor 402 also includes other conven- 

tional circuit components, including an instruction 
register 434. The instruction register 434 comprises 
a register to which the "next" instruction is stored 
for purposes of decoding an execution. The data 

20 within the instruction register 434 is applied to the 
instruction decoder 436 which comprises conven- 
tional circuitry for decoding the instruction data 
received from the next program location in mem- 
ory. The processor 402 can also include such 

25 conventional components as a flag register 438 
utilized for various programming control within the 
processor 402. 

The control bus 430 can be characterized as 
comprising a series of individual command signal 

30 leads. The signal leads can include "transmitted" 
commands such as "read." "write." "memory" and 
"1/0" commands. In addition, the control bus 430 
can be adapted to apply certain "received" com- 
mands to the timing and control circuitry 432. Such 

35 commands can include "wait," "reset" and 
"interrupt" commands. The use of these com- 
mands is well known in the field of computer sys- 
tem design. For example, if data is to be read from 
a certain address location in a memory of the 

40 processing unit 400, "enable" signals can be ap- 
plied to the "read" and "memory" command leads 
from the timing and control circuitry 432. Cor- 
respondingly, the address of the particular memory 
location to be read can be transmitted on an ad- 

46 dress bus 426, while the data to be read from the 
particular memory location will be applied to the 
processor 402 on data bus 422. Similarly, when 
data is to be applied to a particular I/O device 
associated with the processing unit 400, "enable" 

50 signals can be applied on the "write" and "I/O" 
signal command leads from the timing and control 
circuitry 432. Correspondingly, the address des- 
ignation of the I/O device can be applied on ad- 
dress bus 426, while the particular data to be 

55 transmitted to the I/O device can be applied on 
data bus 422. Again, the circuitry associated with 
processor 402. and processor 402 itself are well 
known in the art. 

14 
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Returning again to FIG. 5, the processing unit 
400 includes memory storage elements such as 
the random access memory (RAM) 440. The RAM 
440 is conventional in design and includes memory 
locations wherein data may be stored and modified 
during execution of program sequences. Similarly, 
for storage of "permanent" data or instructions 
wherein modifications must be made only occa- 
sionally, a conventional erasable-programmable 
read only memory (EPROM) 442 is also employed. 
Both the RAM memory 440 and the EPROM mem- 
ory 442 are interconnected with the processor 402 
so as to allow control and address location signals 
to be applied on the control bus 430 and address 
bus 426. respectively. In addition, for purposes of 
reading data from the memories into the processor 
402, and for writing data into the memories, 
bidirectional communication is established between 
the RAM memory 440. EPROM memory 442 and 
the processor 402 through data bus 422. 

For purposes of intercommunication with exter- 
nal devices, the processing unit 400 can also in- 
clude a parallel I/O interface module 444 and a 
serial I/O interface module 446, The parallel inter- 
face module 444 provides a means for transmitting 
and receiving data signals between the processor 
402 and external devices which generate and re- 
ceive signals in parallel format. The serial interface 
module 446 is utilized to interface with external 
devices in a serial format. 

Like the RAM memory 440 and the EPROM 
memory 442, the interface modules 444 and 446 
are interconnected to the processor 402 through 
the control bus 430 and address bus 426 for pur- 
poses of applying control and address information 
data signals, respectively, to each of the modules, 
in addition, the interface modules 444 and 446 are 
interconnected to the processor 402 through data 
bus 422 so that data signals are bidirectionally 
transferrable between the modules 444, 446 and 
processor 402. It should be emphasized that the 
general circuitry of the processing unit 400 and the 
functional operations associated therewith are well 
known in the field of computer system design. 

The aforedescribed processor configuration as 
illustrated in FIGS. 5 and 6 is merely exemplary of 
certain of the general concepts associated with 
processor and associated component design. In the 
particular embodiment illustrated in FIG. 4. the pro- 
cessor is illustrated as a separate processing unit 
318 independent of the memory and similar ele- 
ments. As further shown in FIG. 4. the processor 
318 can provide control signals to both the supply 
voltage circuitry 302 and lamp control circuitry 332 
via transmission paths 334 and 336. respectively. 
Control signals can also be applied from the pro- 
cessor 318 to the power supply circuit 338 via path 
340. In addition, various control signals can be 



applied to conventional reset circuitry 342 from the 
processor 318 and power supply circuit 338 as 
illustrated in FIG. 4. Although FIG. 4 further illus- 
trates other interconnections among components 
5 such as the power supply circuit 338 and the reset 
circuit 342, the structure and function of such inter- 
connections will be apparent from the illustration of 
FIG. 4 and other detailed descriptions set forth 
herein. 

70 The spectrophotometer apparatus 200 can also 

comprise a conventional address decoder 344 in- 
terconnected to the address bus of the bus con- 
figuration 346 for the processor 318. The address 
decoder 344 is utilized to decode the address 
75 range for the various devices associated with the 
bus configuration 346. Such an address decoder 
configuration is convention in design. 

The apparatus 200 can also include a conven- 
tional EPROM 348 which can comprise, for exam- 
20 pie. a CMOS 512K EPROM. A serial EEPROM 319 
can also be provided. In addition, the spectrophoto- 
meter apparatus 200 can also comprise a random 
access memory (RAM) 350. The RAM 350 can, for 
example, comprise an 8192 byte static random 
25 access memory. 

As previously described, the spectrophoto- 
meter apparatus 200 can also include a series of 
keys 216. These keys 216 provide a means for 
manual input of data by the spectrophotometer 
30 operator. Still further, the apparatus 200 further 
includes the display 212 for purposes of providing 
data display to the operator. In association with the 
aforedescribed components which are directly or 
indirectly connected to the bus configuration 346 of 
35 the processor 318. conventional latching circuitry 
352 is also employed for purposes of latching data 
applied to and from the bus configuration 346. 

As further shown in FIG. 4, the processor 318 
is interconnected to a conventional RS232 I/O inter- 
40 face circuit 354. The interface circuit 354 provides 
an interface to an external computer or printer 
device 356, for purposes of transmitting and receiv- 
ing data to and from the interface device, respec- 
tively. Control signals from the processor 318 to 
AS the interface 354 can be applied via path 358. 
Correspondingly, data from the processor 318 can 
be applied as input data through the interface 354 
via transmission path 360. Correspondingly, data 
from the computer or printer device 356 can be 
50 applied through the interface 354 and input to the 
processor 318 by means of transmission path 362. 

The circuit configuration 280 also includes a 
set of read switches 364 having signals which are 
applied as input signals to the processor 318 by 
55 means of transmission paths 366. Further, the cir- 
cuit configuration 280 also includes the power 
switch 220 and A/C adaptor 210. Still further, al- 
though not specifically shown in FIG. 4. the proces- 
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sor 318 would include control signals which can be 
applied as input signals to the motors 260 and 262 
previously described with respect to FIG. 3. The 
control of the motors 260 and 262 would occur (or 
purposes of controlling the enabling and disabling 
of reception of light through the optical fiber bun- 
dles 254. 256 and 258. 

The foregoing provides a brief description of 
various of the components of the circuit configura- 
tion 280 of the spectrophotometer apparatus 200. 
Many of these components are also utilized in 
various other types of color measurement appara- 
tus. For example, a detailed description of similar 
components for use in a densitometer are de- 
scribed in detail in the commonly assigned and 
currently pending U.S. Patent Application Serial 
No. 480.331 filed February 13. 1990, which is a 
continuation of commonly assigned U.S. Patent Ap- 
plication Serial No. 309.342 filed February 10, 
1989. and now abandoned. Concepts associated 
with the use of a color measurement device and an 
interface for communication with external devices 
are disclosed in the commonly assigned Peterson 
et al U.S. Patent No. 4,591.978. issued May 27. 
1986. 

In brief summary, the apparatus 200 is adapted 
to operate as an automated instrument for provid- 
ing a spectral reflectance analysis of object sam- 
ples. When the object sample 236 is positioned 
appropriately relative to the spectrophotometer ap- 
paratus 200, light from the source unit 238 is 
projected onto the surface of the sample 236. and 
reflected light rays 240, 242 and 244 are received 
by the optical fiber bundles 254, 256 and 258. 
respectively. A separate optical fiber bundle is pro- 
vided for each of the angles 248. 250 and 252. The 
light rays passing through the optical fiber bundles 
254. 256 and 258 are applied to a single array of 
filters and corresponding photocells 284. Each of 
the filters will substantially pass the reflected light 
only within the bandwidth corresponding to the 
particular segment. Electrical current signals gen- 
erated from the photocells of the configuration 284 
are applied to linear amplifiers 288. and voltage 
output signals are generated therefrom. 

The voltage output signals from the linear am- 
plifiers 288 are applied as input signals to the 
multiplexers 306. The multiplexers 306 provide 
time multiplexed signals which are applied as input 
signals to the A/D converter 326 through the linear 
amplifiers 322. The converter 326 converts the 
analog signals to appropriate digital signals, and 
applies the same to the processor 318. The pro- 
cessor 318 can be utilized to perform appropriate 
computations and measurements of the digital sig- 
nals from paths 330 so as to generate data indica- 
tive of the spectral reflectance characteristics of the 
object sample 236 for each of the spectral seg- 



ments and for each of the angles 248. 250 and 
252. As desired, this data can be visually displayed 
to an operator through the display 212. Corre- 
sponding, such data can be applied to the external 

5 devices 356 through the interface 354. Control of 
the processor 318 can be provided, at least in part, 
through operator input from the keys 216. The 
general operation of spectrophotometers, given 
spectral data from a series of segments, is rela- 

70 tively well known in the art. 

Although the primary data provided to the pro- 
cessor 318 is representative of spectral reflectance 
data at various segments across the visible light 
spectrum, the processor 318 can be utilized in a 

75 conventional manner to convert the data into other 
formats. For example, the spectral reflectance data 
can be utilized to generate CIE L'a'b' and L*C1T 
color values- The processor 318 can also be uti- 
lized to store data within the memory 350. The 

20 data stored can include not only color measure- 
ments, but can also include difference measure- 
ments for purposes of comparison to various stan- 
dards. 

Of primary importance, however, in accordance 

25 with the invention, the circuit configuration 280 and 
the electromechanical configuration of the spec- 
trophotometer apparatus 200 as previously de- 
scribed with respect to FIG. 3 provide for the 
measurement of spectral reflectance of object sam- 

30 pies 236 by illumination at a particular fixed angle, 
while receiving light at three fixed angles different 
from the illumination angle. In accordance with the 
switching arrangement as described with respect to 
FIG. 3. reflectance is measured at each of the 

35 angles 248, 250 and 252 by sequentially switching 
combinations of two of the angles to a "disabled" 
state, and receiving reflected light rays through the 
optical fiber bundle corresponding to the remaining 
angle. As further described in detail with respect to 

40 FIG. 3. such optical switching is achieved through 
the use of an electromechanical shutter arrange- 
ment. As described with respect to FIG. 4, the 
reflected light rays projecting through the optical 
fiber bundles 254, 256 and 258 are transferred to a 
45 single array of integral interference-filter/photodiode 
devices corresponding to the filtered photocells 
284. The filtered photocells 284 can be character- 
ized as modulating the reflected light rays for pur- 
poses of determination of spectral characteristics. 
50 For purposes of efficiency of operation, various 

functions associated with the spectrophotometer 
apparatus 200 can be achieved through the use of 
computer programs operating within the processor 
318. A functional sequence diagram associated 
55 with the reception of light rays and optical switch- 
ing is illustrated in FIG. 7. With specific reference 
to FIG. 7. operation of the computer programs 
within the processor 318 can commence at func- 



16 



31 



EP 0 530*818 A2 



32 



tional location 600. Thereafter, a verification * is 
made that the read switches 364 are in a closed 
state. For purposes of further description with re- 
spect to the functional sequence diagram of FIG. 7, 
references in FIG. 7 to the -receptor" numbers 1, 2 
and 3 correspond to the shuttering of the optical 
fiber bundles 248. 250 and 252. That is. a receptor 
characterized as being in an open state corre- 
sponds to the electromechanical shuttering ar- 
rangement having a positional relationship with re- 
spect to the corresponding optical fiber bundle 
such that light can be received through the optical 
fiber bundle. 

With the foregoing in mind, a determination is 
first made to assure that the electromechanical 
shuttering arrangement is operating properly and 
the object sample 236 is appropriately positioned 
so that excessive "light leak" is not occurring. To 
ensure that the same does not present a problem, 
^ the optical fiber bundle corresponding to receptor 
number 2 is opened so as to receive reflected light 
rays. The light source unit 226 is maintained in an 
"off" state, and the optical fiber bundles corre- 
sponding to receptor numbers 1 and 3 are in a 
closed position through the use of the electro- 
mechanical shuttering arrangement. Light readings 
(corresponding to "offsets" as illustrated in FIG. 7) 
are then made, and a determination is further made 
as to the intensity of such received reflected light 
rays corresponding to the offsets. A further deter- 
mination is then made as to whether such offsets 
exceed a predetermined threshold. If so, a warning 
message is generated by the processor 318 and 
applied to the display 212 for viewing by the oper- 
ator. 

If the offsets do not exceed a predetermined 
threshold, a further test is made whereby receptor 
number 2 is electromechanically shuttered, and the 
optical fiber bundle corresponding to receptor num- 
ber 3 is opened so as to receive light rays. Optical 
measurements are then again made, and a deter- 
mination is further made as to whether the "offset" 
measurements exceed a predetermined threshold. 
If so, a warning message is applied to the display 
21 2 for the operator. 

If the offsets do not exceed the predetermined 
threshold, it can be assumed that "light leak" does 
not present a problem, and a determination is then 
made as to any potential problems with respect to 
"flatness." That is, a determination is made as to 
whether the offsets corresponding to angle num- 
bers 2 and 3 are the same. If they are not the 
same, a warning message regarding ambient light 
is generated and applied to the display 212. 

Assuming that the offsets are substantially the 
same, the light source unit 212 is enabled, so that 
the lamp projects light onto the object sample 236. 
The reflected light rays associated with angle num- 



ber 3 are then measured. It should be remembered 
that during the aforedescribed testing operations, 
receptor number 3 was positioned in an open state, 
while the electromechanical shuttering maintained 
5 receptor numbers 1 and 2 in a closed state. Follow- 
ing the measurement of reflected light rays asso- 
ciated with angle number 3, the optical fiber bundle 
corresponding to receptor number 3 is closed and 
the optical fiber bundle associated with receptor 
70 number 2 is opened. Angle number 2 is then 
measured with respect to the reflected light rays. 

Following the measurement of angle number 2. 
the optical fiber bundle corresponding to receptor 
number 2 is closed while the optical fiber bundle 
75 corresponding to receptor number 1 is opened. 
The reflected light rays associated with angle num- 
ber 1 as received through the receptor number 1 
are then measured. The foregoing provides a com- 
plete sequence of measurements through all three 
20 angles of the optica! measurement device. Follow- 
ing this measurement, the light source unit 226 is 
disabled, so that the lamp is set to an "off" posi- 
tion. The spectral reflectance measurements asso- 
ciated with each of the angles can be combined in 
25 an appropriate manner so as to provide for a 
"quality of color" measurement with respect to the 
object sample 236. Any of numerous combinations 
can be made with respect to the reflected light rays 
received at each of the three angles. For example. 
30 the combining of reflected light rays is described in 
detail in the Alman and Steenhoek patents pre- 
viously described herein. 

In summary, the spectrophotomer apparatus 
200 in accordance with the invention provides for 
35 three angles of "pickup" of reflected light rays, with 
the utilization of three separate optical fiber bun- 
dles. The optical fiber bundles are electromechan- 
ically shuttered in sequence, so that reflected light 
rays are received from only one of the optical fiber 
40 bundles at any given time. Further in accordance 
with the invention, only a single light source is 
utilized, and only a single array of photosensitive 
detectors (corresponding to the filtered photocells 
284) is required. Still further, the entire unit, includ- 
45 ing alt battery sources, are contained within a sin- 
gle unitary structure, comprising a hand held and 
extremely portable unit. 

Also of primary importance, the use of the 
single light source and the single array of filtered 
60 photocells provides a significant advantage with 
respect to reduction of cost. In addition, with the 
single array of filtered photocells, compensation is 
not required among multiple detectors. Still further, 
the use of the single array of photocells and the 
55 single light source provides a significant advantage 
with respect to reduction in size and weight, espe- 
cially relative to several known systems which em- 
ploy three detectors. Still further, the spectrophoto- 
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meter apparatus 200 in accordance with the inven- 
tion allows for the object sannpie under test 236 to 
be reflectance measurements are achieved. Finally, 
the apparatus in accordance with the invention pro- 
vides for detection of "light leak" and flatness. 

It should be emphasized, however, that the 
principles of these spectrophotometer apparatus 
comprising multi-angular measurements are not 
limited to the specific apparatus described herein. 
In fact, the procedures associated with the multi- 
angular measurements can be employed with ap- 
paratus other than spectrophotometers. Stilt further, 
the features of the multi-angular spectrophotometer 
in accordance with the invention are not in any 
manner necessarily limited to any specific angular 
measurements, specific number of spectral seg- 
ments or the like. A different number of segments 
and filters having various band widths can be em- 
ployed without departing from the novel concepts 
of the invention, and various angles can be utilized 
for purposes of reflectance measurements. It will 
be further apparent to those skilled in the art that 
additional modifications and variations of the 
above-described illustrative embodiment of the in- 
vention may be effected without departing from the 
spirit and scope of the novel concepts of the inven- 
tion. 

Claims 

1. An apparatus adapted for measuring color 
characteristics of a colored surface, said ap- 
paratus comprising: 

light source means for projecting light to- 
ward said colored surface at at least one angle 
of illumination relative to said surface; 

light receiving means for receiving light 
rays reflected from said colored surface at a 
plurality of reflection angles relative to said 
surface; 

detection means connected to said light 
receiving means for detecting said light rays 
reflected from said colored surface and for 
generating electrical signals representative of 
spectral characteristics of said surface, for 
each of a series of spectral segments across 
the visible light spectrum; 

processing means connected to said de- 
tection means and responsive to said electrical 
signals for generating data representative of 
said spectral characteristics; and 

said apparatus further comprises switching 
means positioned adjacent said light receiving 
means for periodically inhibiting said light rays 
reflected from said colored surface from being 
received by a subset of said light receiving 
means. 



2. An apparatus in accordance with claim 1 char- 
acterized in that said detection means com- 
prises only a single array of filtered 
photodetectors. each of said filtered 

5 photodetectors comprising a filter and a 

photodetector, wherein each filter associated 
with a corresponding photodetector comprises 
a spectral response characteristic different 
from filters associated with all other 

70 photodetectors of said array. 

3. An apparatus in accordance with claim 1 or 2 
characterized in that said light receiving means 
comprises a plurality of optical fiber bundles. 

75 

4. An apparatus in accordance with claim 3 char- 
acterized in that, at any given time, said 
switching means inhibits said light rays re- 
flected from said colored surface from being 

20 received by afl but one of said optical fiber 

bundles. 

5. An apparatus in accordance with anyone of 
claims 1 to 4 characterized in that said light 

25 source means projects light toward said col- 

ored surface only at one angle of illumination 
relative to said surface. 

6. An apparatus in accordance with anyone of 
30 claims 1 to 5 characterized in that said light 

receiving means receives said light rays re- 
flected from said colored surface at three re- 
flection angles relative to said surface. 

as 7. An apparatus in accordance with anyone of 
claims 1 to 6 characterized in that said switch- 
ing means comprises: 

shutter means positioned adjacent said 
light receiving means for periodically and me- 

40 chanicaliy inhibiting said light rays reflected 

from said colored surface from being received 
by a subset of said light receiving means, said 
shutter means being movable among open and 
closed positions; and 

45 motive means coupled to said shutter 

means and responsive to said processing 
means for moving said shutter means among 
said open and closed positions. 

50 8. An apparatus in accordance with claim 7 char- 
acterized in that: 

said light receiving means comprises a 
plurality of optical fiber bundles; 

said shutter means comprises a pair of 
55 optical shutter devices, each of said shutter 

devices comprising a pair of optical shutters; 

a first one of a first pair of said pairs of 
optical shutters is responsive to said motive 
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means to periodically inhibit said light rays 
reflected from said colored surface from being 
received by a first one of said plurality of 
optical fiber bundles; 

a second one of said first pair of said pairs 5 
of optical shutters is responsive to said motive 
means to periodically inhibit said light rays 
reflected from said colored surface from being 
received by a second one of said plurality of 
optical fiber bundles; 

a first one of a second pair of said pairs of 
optical shutters is responsive to said motive 
means to periodically inhibit said light rays 
reflected from said colored surface from being 
received by said second one of said plurality js 
of optica! fiber bundles; and 

a second one of said second pair of said 
pairs of optical shutters is responsive to said 
motive means to periodically inhibit said light 
rays reflected from said colored surface from 20 
being received by a third one of said plurality 
of optical fiber bundles. 

, An apparatus in accordance with anyone of the 

foregoing claims characterized in that said ap- 25 
paratus is enclosed in a hand-held and porta- 
ble structure. 

0. An apparatus in accordance with anyone of the 

foregoing claims characterized in that said ap- 30 
paratus comprises means for testing for light 
leak by detecting light rays reflected from said 
colored surface in the absence of illumination 
by said light source means and while said 
subset of said light receiving means is inhib- as 
ited from receiving said light rays. 
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